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Ag-BaCeo.8Sm0.202.9  (BCS)  composite  cathodes  are  fabricated  by  an  ion  impregnation  technique  in  this 
work,  and  the  effect  of  fabrication  details  on  their  electro-performance  is  studied.  The  firing  temperature 
of  impregnated  Ag  has  little  effect  on  Ag  loading  but  has  a  great  impact  on  the  polarization  resistances. 
When  fired  at  400  °C,  the  minimum  polarization  resistance  for  symmetric  cells  reaches  0.1 1  Q  cm2  mea¬ 
sured  at  600  °C  with  an  Ag  loading  of  0.40  mg  cm-2.  When  fired  at  600  °C,  the  minimum  polarization 
resistance  is  29.73  £2  cm2  at  600  °C  with  0.24  mg  cm-2  Ag-impregnated  cathodes  due  to  severe  aggre¬ 
gation.  The  performance  of  Ag-impregnated  cathodes  is  also  compared  with  that  of  a  Smo.5Sr0.5Co03_5 
(SSC)  impregnated  cathode.  With  the  same  volume  ratio  of  57%,  the  polarization  resistance  of  an  Ag- 
impregnated  cathode  is  only  about  half  of  that  for  a  SSC-impregnated  cathode.  Resistance  simulation 
suggests  that  the  reduction  of  low  frequency  resistances  is  the  main  reason  for  the  decrease  in  polar¬ 
ization  resistances  in  Ag-impregnated  cathodes,  which  is  consistent  with  its  high  oxygen  diffusion 
coefficient.  With  a  57vol.%  Ag-impregnated  cathode  fired  at  400  °C,  the  maximum  power  density  of 
single  cells  is  283  mW  cnrr2  at  600  °C,  about  16%  larger  than  that  for  a  57  vol.%  SSC-impregnated  cathode. 

©  2010  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Protons  conducting  solid  oxide  fuel  cells  (H-SOFCs)  have 
attracted  much  attention  because  of  their  unique  characteristics, 
such  as  great  efficiency  in  fuel  utilization  and  suitability  for  oper¬ 
ation  at  intermediate  temperatures  [1-3].  With  proton  conductors 
as  electrolytes,  water  is  formed  at  the  cathodes.  This  makes  the 
cathode  reaction  mechanisms  particular  from  those  with  oxygen 
ion  electrolytes  and  might  lead  to  some  special  demands  on  the 
cathode  materials. 

Oxygen  ion-electron  mixed  conductors  are  the  most  popular 
cathode  materials  for  SOFCs  with  oxygen  ion  conducting  elec¬ 
trolyte,  and  therefore,  they  are  also  investigated  as  cathode  materi¬ 
als  in  FI-SOFCs.  Great  power  output  has  been  achieved  with  oxygen 
ion-electron  mixed  conductors,  such  as  Bao.5Sro.5Coo.sFeo.2O3 
[3],  BaPro.sGdo.202.9  [4],  Lao.6Sro.4Co03  [5],  SmxSri_xCo03  [6], 
Bao.5Sro.5Zno.2Feo.803_<$  [7],PrBaCo205+g  [8]  and  BaCeo.5Bio.5O3  [9]. 
With  Bao.5Sro.5Zno.2Feo.803_5-BaCeo.5Zro.3Yo.i6Zno.o403_5  as  cath¬ 
odes,  the  polarization  resistance  was  0.1 7  £2  cm2  at  700  °C  [7]. 
With  Smo.5Sr0.5Co03  (SSC)-BaCe0.8Sm0.2O2.9  (BCS)  as  the  compos¬ 


*  Corresponding  author.  Tel.:  +86  551  3600594;  fax:  +86  551  3607475. 
E-mail  address:  pengrr@ustc.edu.cn  (R.  Peng). 

0378-7753 /$  -  see  front  matter  ©  2010  Elsevier  B.V.  All  rights  reserved, 
doi:  1 0.1 01 6/j.jpowsour.201 0.03.063 


ite  cathode,  the  electrode  polarization  resistance  was  0.21  £2  cm2 
at  700  °C  and  the  maximum  power  output  reached  240mWcm-2 
[6].  Intensive  studies  on  SSC-BCS  composite  cathodes  suggest 
that  the  migration  of  protons  to  TPBs  and  the  surface  diffu¬ 
sion  of  Oad-  might  be  the  two  limiting  reactions  for  FI-SOFCs 
[10].  Therefore,  exploring  novel  cathode  materials  with  higher 
oxygen  diffusion  coefficients  will  be  very  helpful  in  reducing 
the  polarization  resistances,  especially  at  intermediate  tempera¬ 
tures. 

Silver  is  a  good  electronic  conductor  and  is  a  well-investigated 
catalyst  for  oxygen  adsorption,  dissociation  and  diffusion.  The  oxy¬ 
gen  diffusion  coefficient  of  Ag  is  3.1 6  x  1 0-2  cm2  s-1  at  427  °C  [  1 1  ], 
which  is  far  better  than  that  of  SSC,  only  8.6  x  10-7  cm2  s-1  at 
915  °C  [12].  The  high  oxygen  diffusion  coefficient  of  Ag  suggests 
that  it  might  be  a  good  cathode  material  for  FI-SOFCs  [13].  How¬ 
ever,  the  low  melting  point  of  Ag  (962  °C)  generally  yields  to  a 
poor  adhesion  of  the  Ag-oxide  composite  electrodes  to  the  elec¬ 
trolytes  because  it  restricts  the  sintering  temperature.  In  this  work, 
an  ion  impregnation  technique  was  adapted  to  fabricate  an  Ag-BCS 
composite  cathode  with  BCS  as  the  backbone  and  Ag  coated  on 
its  inner  surface.  The  electrochemical  performance  and  the  rate- 
limiting  steps  of  such  composite  cathodes  were  investigated  by 
impedance  spectra  analysis.  Long-term  stability  was  also  studied 
with  Ag-impregnated  cathodes. 
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2.  Experimental 

2.1.  Fabrication  of  symmetric  and  single  cells 

BaCe0.8Smo.202.9  (BCS)  powders  were  prepared  by  a  glycine- 
nitrate  process  [3]  and  then  cold-pressed  into  disc-type  electrolyte 
substrates,  followed  by  sintering  at  1500°C  for  4h  in  air.  Porous 
BCS  layers  were  deposited  onto  each  surface  of  the  electrolyte  sub¬ 
strate  by  screen  printing,  and  then  sintered  at  1300  °C  for  4h  to 
form  symmetric  electrode  backbones.  The  BCS  backbones  were 
about  100  [xm  in  thickness  and  11  mm  in  diameter.  The  impreg¬ 
nation  solution  of  Ag+  was  prepared  by  dissolving  AgN03  (99.9%, 
Aldrich)  and  glycine  in  distilled  water  with  the  glycine/Ag+  molar 
ratio  of  1:2.  Ion  impregnation  was  carried  out  by  placing  drops 
of  the  solution  onto  the  surface  of  porous  BCS  backbones;  the 
solution  infiltrated  into  the  pores  of  the  backbone  by  capillary 
action  [14-16].  After  drying,  the  symmetric  samples  were  fired  at 
400-600  °C  in  air  for  2  h.  The  weight  of  Ag  loaded  on  the  BCS  back¬ 
bone  was  determined  by  an  electronic  balance  (METTLER  TOLEDO), 
and  this  impregnation  step  was  repeated  two  to  nine  times  to  form 
symmetric  cells  with  Ag-BCS  composite  electrodes. 

Additionally,  90%  Ag-5%  Co203  co-impregnated  cathodes  were 
fabricated  for  comparison.  Co(N03)2  -6H20  and  AgN03  were  mixed 
and  dissolved  in  distilled  water  with  a  stoichiometric  ratio  of  1 :9, 
and  then  glycine  was  added,  maintaining  a  glycine/metal  molar 
ratio  of  1 :2.  Ion  impregnation  was  used  to  synthesize  an  Ag-Co203 
co-impregnated  cathode  with  the  complex  solution.  The  Ag-Co203 
co-impregnated  cathodes  were  fabricated  by  repeating  the  impreg¬ 
nation  process  seven  times  and  consequent  firing  at  400,  500  and 
600  °C  for  2  h. 

Single  cells  were  prepared  with  anode  supported  configuration. 
NiO  and  BCS  powders  were  mixed  at  a  weight  ratio  of  65:35  as 
composite  anode  powders.  Bilayers  of  NiO-BCS  substrates  and  BCS 
electrolytes  were  fabricated  by  a  co-pressing  method,  and  they 
were  then  co-sintered  at  1400  °C  for  5h.  Ag-BCS  composite  cath¬ 
odes  were  fabricated  by  the  ion  impregnation  techniques  described 
above.  The  thickness  of  the  anode,  electrolyte,  and  cathode  layers 
were  about  500,  70  and  100  |xm,  respectively. 

2.2.  Characterization 

Ag  paste  was  painted  on  the  top  of  the  cathodes  as  current 
collectors  and  was  fired  at  600  °C  for  30  min.  The  electrochemical 
impedance  spectra  of  the  symmetric  cells  were  obtained  at  temper¬ 
atures  from  600  to  300  °C  in  air  at  an  electrochemical  workstation 
(IM6e,  Zahner).  The  AC  impedance  method  was  also  used  to  inves¬ 
tigate  the  electrochemical  performance  of  single  cells  under  open 
circuit  conditions.  The  tested  frequency  range  was  from  0.01  Hz 
to  1  MHz  with  an  amplitude  of  10  mV.  A  scanning  electron  micro¬ 
scope  (SEM,  JSM-6700F,  JEOL)  was  employed  to  investigate  the 
morphology  and  distribution  of  the  impregnated  Ag  particles.  Sin¬ 
gle  cells  were  tested  from  400  to  600  °C  in  a  home-developed 
testing  system  with  humidified  hydrogen  (~3%  H20)  as  the  fuel 
and  stationary  air  as  the  oxidant,  respectively.  The  flow  rate  of 
humidified  hydrogen  was  50  ml  min-1 .  The  discharging  characters 
of  single  cells  were  also  investigated  using  an  IM6e  electrochemical 
workstation. 

3.  Results  and  discussion 

Fig.  1  shows  the  dependence  of  Ag  loading  on  impregnation¬ 
firing  cycles  and  their  firing  temperature.  Ag  loading  did  not  appear 
to  be  affected  by  the  firing  temperature  during  the  first  seven 
cycles,  which  increased  almost  linearly  with  the  cycle  times  and 
reached  0.44  ±  0.01  mg  cm-2  after  seven  cycles.  The  increasing  rate 


Fig.  1.  Dependence  of  Ag  loading  on  cycle  times  and  firing  temperature. 

of  the  Ag  loading  was  about  0.06  mg  cm-2  for  each  cycle.  With  cycle 
times  above  seven,  the  Ag  loading  continued  to  increase  for  impreg¬ 
nated  cathodes  with  Ag  fired  at  400  °C,  while  the  value  remained 
almost  constant  for  those  with  Ag  fired  at  600  °C.  The  final  Ag  load¬ 
ings  for  cathodes  with  Ag  fired  at  400  and  600  °C  were  0.57  and 
0.48  mg  cm-2  after  nine  cycles,  respectively. 

Fig.  2  shows  the  dependence  of  polarization  resistances  on  Ag 
loading  and  firing  temperature.  The  polarization  resistances  were 
about  4691.16  £2  cm2  at  400  °C  for  0.14  mg  cm-2  Ag-impregnated 
cathodes  fired  both  at  400  and  600  °C.  An  increase  in  Ag  loading 
led  to  a  decrease  in  the  polarization  resistances  of  cathodes  fired  at 
both  temperatures  first,  followed  by  a  decrease.  However,  the  Ag 
loading  corresponding  to  minimum  polarization  is  quite  different 
for  cathodes  fired  at  different  temperatures.  For  cathodes  fired  at 
400  °C,  the  minimum  polarization  resistance  is  reached  with  the 
0.40  mg  cm-2  Ag-impregnated  BCS  cathodes,  about  11 2. 52  £2  cm2 
at  400  °C  and  0.11  £2  cm2  at  600  °C,  respectively,  which  are  2-3 
orders  of  magnitude  lower  than  that  with  the  0.14  mg  cm-2  Ag- 
impregnated  cathodes.  While  minimum  polarization  resistances 
for  cathodes  fired  at  600  °C  are  achieved  with  0.24  mg  cm-2  Ag- 
impregnated  BSC  cathodes,  about  1521.49  £2  cm2  at  400  °C  and 
29.73  £2  cm2  at  600  °C,  respectively.  It  should  also  be  noted  that 
the  difference  in  polarization  resistances  of  cathodes  fired  at  dif¬ 
ferent  temperatures  increased  with  Ag  loading,  as  shown  in  Fig.  2. 
Ag  loadings  of  0.46  mg  cm-2  (57vol.%)  yielded  polarization  resis¬ 
tances  of  1 1 ,028.81  C2  cm2  at  400  °C  for  impregnated  cathodes  fired 


Fig.  2.  Effect  of  the  weight  and  firing  temperature  of  impregnated  Ag  on  polarization 
resistances  for  symmetric  cells  measured  at  (a)  400  °C  and  (b)  600  °C  in  air. 
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Fig.  3.  SEM  pictures  of  the  impregnated  electrodes  with  (a)  0.21  mg  cm-2  Ag  fired  at  400  °C,  (b)  0.46  mg  cm-2  Ag  fired  at  400  °C,  (c)  0.21  mg  cm-2  Ag  fired  at  600  °C,  and  (d) 
0.46  mg  cm-2  Ag  fired  at  600  °C. 


at  600  °C,  about  two  orders  larger  than  that  fired  at  400  °C,  which 
is  0.13  £2  cm2  at  600  °C. 

SEM  pictures  of  the  fracture  structures  of  impregnated  cathodes 
with  different  Ag  loadings  that  were  fired  at  different  temperatures 
are  shown  in  Fig.  3  to  explore  the  great  difference  in  their  polar¬ 
ization  resistance.  When  the  Ag  loading  was  0.21  mg  cm-2  and  the 
firing  temperature  was  400  °C,  the  Ag  particles  appeared  discretely 
on  BSC  backbones,  and  the  particle  sizes  of  Ag  and  BCS  were  about 
20  nm  and  0.2-0.5  pum,  respectively.  With  an  increase  in  Ag  load¬ 
ing,  the  amount  of  Ag  particles  on  the  BCS  backbone  increased, 
which  gradually  formed  a  complete  cover,  as  shown  in  Fig.  3(b) 
with  the  0.46  mg  cm-2  Ag-impregnated  BCS  cathodes.  This  contin¬ 
uous  microstructure  greatly  increases  the  triple  phase  boundaries 
(TPBs)  and  thus  decreases  the  polarization  resistance.  With  the 
0.21  mg  cm-2  Ag-impregnated  cathode  fired  at  600  °C,  the  size  of  Ag 
particles  increased  to  about  50-100  nm  and  was  also  isolated  with 
each  other  on  the  BCS  backbone,  as  shown  in  Fig.  3(c).  However, 
when  the  Ag  loading  increased  to  0.46  mg  cm-2,  the  Ag  particles 
fired  at  600  °C  did  not  form  a  continuous  cover  but  instead  formed 
an  aggregate,  as  shown  in  Fig.  3(d).  This  aggregation  results  in  less 
TPBs  and  thus  worse  polarization  resistances. 

To  better  explore  the  effects  of  Ag  loading  and  firing  tem¬ 
peratures  on  polarization  resistances,  the  impedance  spectra  of 
impregnated  cathode  are  shown  in  Figs.  4  and  5.  As  shown  in 
Fig.  4(a)  and  (b),  three  depressed  arcs,  peaking  at  105,  3  x  103 
and  70  Hz  are  observed  in  the  impedance  spectra  for  impreg¬ 
nated  cathodes  fired  at  400  °C  and  measured  at  400  °C,  implying 
three  rate-limiting  processes.  These  impedance  spectra  were  ana¬ 
lyzed  using  an  equivalent  circuit  composed  of  three  RQ  elements 
in  series,  (RhQhX^mQmX^lQl).  to  obtain  the  resistance  of  differ¬ 
ent  processes,  where  R  represents  the  polarization  resistance,  Q 
represents  the  constant  phase  element,  and  the  subscripts  H,  M 
and  L  correspond  to  the  frequency  arcs.  The  resolved  RH,  RM  and 
Rl  at  400  °C  are  112.85,  243.37  and  620.34  £2  cm2,  respectively, 


for  0.21  mg  cm-2  Ag-impregnated  cathodes  and  2.54,  28.32  and 
66.70  £2  cm2,  respectively,  for  0.46  mg  cm-2  Ag-impregnated  cath¬ 
odes.  With  an  increase  in  Ag  loading,  all  three  frequency  resistances 
reduce  one  or  two  orders,  especially  the  low  frequency  resistances. 
The  decrease  in  polarization  resistance  is  in  good  accordance  with 
the  improvement  of  triple  phase  boundaries,  as  shown  in  Fig.  3. 
We  have  discussed  the  rate-limiting  process  for  cathode  reactions 
in  proton  conducting  solid  oxide  fuel  cells  with  Sm0.5Sr0.5CoO3_5 
and  BaCeo.8Sm0.203_(5  composite  cathodes,  and  we  found  that  the 
high,  middle,  and  low  frequency  arcs  might  correspond  to  the  dif¬ 
fusion  of  protons  from  electrolytes  to  TPBs,  the  reduction  of  Oad 
to  Oad-  and  the  diffusion  of  Oad_  to  TPBs,  respectively  [10].  As 
shown  in  Fig.  4,  the  diffusion  of  Oad-  to  TPBs  (corresponding  to  the 
low  frequency  arc)  is  the  main  resistive  contributor  to  the  polar¬ 
ization  resistance,  especially  with  the  low  Ag-loading  impregnated 
cathode.  Measured  at  600  °C,  only  two  arcs  are  observed  in  the  spec¬ 
tra  of  both  impregnated  cathodes,  as  shown  in  Fig.  4(c)  and  (d), 
where  high  and  middle  frequency  arcs  could  not  be  separated.  In 
this  case,  two  RQelements  were  used  to  resolve  the  spectra,  and  the 
high  and  low  frequency  resistances  were  3.49  and  9.19  £2  cm2  for 
0.21  mg  cm-2  Ag-impregnated  cathodes  and  0.06  and  0.07  £2  cm2 
for  0.46  mg  cm-2  Ag-impregnated  cathodes. 

The  impedance  spectra  of  0.21  and  0.46  mg  cm-2  Ag- 
impregnated  cathodes  fired  at  600  °C  and  tested  at  400  °C  are  shown 
in  Fig.  5(a)  and  (b),  respectively.  Three  arcs  are  also  observed  in 
these  spectra  with  peak  frequencies  of  105,  5  x  103,  and  10  Hz. 
Unlike  those  fired  at  400  °C,  Rh,Rm  and  RL  increase  with  an  increase 
in  Ag  load  due  to  severe  aggregation  of  Ag  particles,  and  thus  a 
decrease  of  TPBs  length.  RL,  which  corresponds  to  the  transfer  of 
Oad_  to  TPBs,  is  also  the  main  contributor  of  polarization  resistance 
at  400 °C.  With  the  testing  temperature  enhanced  to  600  °C,  RL  is 
still  the  dominating  resistance  for  0.21  mg  cm-2  Ag-impregnated 
cathodes,  while  RH»  which  corresponds  to  the  transfer  of  protons, 
becomes  the  primary  contributor  of  polarization  resistances  for 
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Fig.  4.  Impedance  spectra  for  symmetric  cells  with  impregnated  Ag  fired  at  400  °C 
and  measured  at  400  °C  for  Ag  loadings  of  (a)  0.21  mg  cm-2  and  (b)  0.46  mg  cm-2, 
and  measured  at  600  °C  for  Ag  loadings  of  (c)  0.21  mg  cm-2  and  (d)  0.46  mg  cm-2. 

0.46  mg  cm-2  Ag-impregnated  cathodes,  as  shown  in  Fig.  5(c)  and 
(d),  respectively. 

Fig.  6  shows  the  temperature  dependence  of  simulated  resis¬ 
tances  with  Ag-impregnated  cathodes  fired  at  400  °C,  in  which  RM 
is  fitted  with  the  testing  temperatures  below  500  °C.  All  the  three 
curves  have  good  linear  shape.  The  simulated  activation  energies 
for  increase  with  Ag  loading  by  about  0.84  eV  for  0.21  mg  cm-2 
and  0.91  eV  for  0.46  mg  cm-2  Ag-impregnated  cathodes.  Such  acti¬ 
vation  energies  for  are  slightly  higher  than  the  activation 
energies  of  proton  conduction,  which  is  about  0.50-0.60  eV  [  1 7,1 8  ]. 
This  might  be  caused  by  lattice  distortion  of  external  BCS  due  to  the 
great  surface  absorbability  of  nano-sized  Ag.  The  simulated  activa¬ 
tion  energies  for  RM  and  ftL,  respectively,  are  0.97  and  1.11  eV  for 
0.21  mg  cm-2  Ag-impregnated  cathodes,  and  1.07  and  1.79  eV  for 
0.46  mg  cm-2  Ag-impregnated  cathodes. 

The  temperature  dependence  of  simulated  resistances  with 
0.46  mg  cm-2  Ag-impregnated  cathodes  fired  at  600  °C  is  shown 
in  Fig.  7.  The  activation  energies  of  such  cathodes  are  calcu¬ 
lated  as  0.66,  0.89  and  1.32  eV  for  and  RL,  respectively. 

The  activation  energy  for  is  similar  to  the  activation  energy 
of  proton  conduction  in  doped  BaCe03  [17,18],  supporting  our 
foregoing  postulate  that  the  high  activation  energy  for  with  Ag- 
impregnated  cathodes  fired  at  400  °C  might  result  from  the  great 
surface  absorbability  of  nano-sized  Ag. 

The  impedance  spectra  of  symmetric  cells  with  the 
0.29  mg  cm-2  SSC-impregnated  cathode  (SSC-IM)  are  shown 
in  Fig.  8  as  comparison  [15].  The  volume  ratio  of  SSC  in  impreg¬ 
nated  cathode  is  57  vol.%,  the  same  as  that  of  Ag  in  a  0.46  mg  cm-2 
Ag-impregnated  cathode.  It  can  be  seen  that  with  the  same  volume 
ratio,  the  polarization  resistance  of  an  SSC-impregnated  cathode 
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Fig.  5.  Impedance  spectra  for  symmetric  cells  with  impregnated  Ag  fired  at  600  °C 
and  measured  at  400  °C  for  Ag  loadings  of  (a)  0.21  mg  cm-2  and  (b)  0.46  mg  cm-2, 
and  measured  at  600  °C  for  Ag  loadings  of  (c)  0.21  mg  cm-2  and  (d)  0.46  mg  cm-2. 

is  0.24  £2  cm2  at  600  °C,  about  twice  that  for  Ag-impregnated 
cathode.  The  simulated  high  and  low  frequency  resistances  are 
0.08  and  0.1 6  £2  cm2  for  SSC-impregnated  cathodes  and  0.06  and 
0.07  £2  cm2  for  Ag-impregnated  cathodes,  suggesting  that  the 
reduction  of  low  frequency  resistances  is  the  main  reason  for  the 
decrease  of  polarization  resistances  in  Ag-impregnated  cathodes. 
This  might  result  from  the  high  oxygen  transfer  coefficient  of  Ag. 

The  electrochemical  performance  of  Ag-  and  SSC-impregnated 
cathodes  with  the  same  ratio  of  57  vol.%  was  also  characterized 

T/°C 
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Fig.  6.  Temperature  dependence  of  fitted  high  frequency  resistances  (□,  ■),  mid¬ 
dle  frequency  resistances  (☆,★),  and  low  frequency  resistances  (A,  a)  of  symmetric 
cells  with  impregnated  Ag  fired  at  400  °C  and  loadings  of  0.21  mg  cm-2  (solid)  and 
0.46  mg  cm-2  (hollow),  respectively. 
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Fig.  7.  Temperature  dependence  of  fitted  high  frequency  resistances,  middle  fre¬ 
quency  resistances,  and  low  frequency  resistances  of  the  symmetric  cells  with 
impregnated  Ag  fired  at  600  °C  and  a  loading  of  0.46  mg  cm-2. 


Fig.  8.  Impedance  spectra  measured  in  air  at  600  °C  for  symmetric  cells  with  an 
impregnated  Ag  composite  cathode  (□)  and  an  impregnated  SSC  composite  cath¬ 
ode  (O)-  The  impregnated  Ag  and  SSC  were  0.46  mg  cm-2  and  0.29  mg  cm-2,  about 
57  vol.%. 
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Fig.  10.  The  long-term  stability  of  symmetric  cells  with  0.46  mg  cm-2  Ag  (57  vol.%) 
impregnated  cathodes  fired  at  different  temperatures  and  tested  in  air  at  (a)  500  °C 
and  (b)  600  °C. 


by  single  cells,  as  shown  in  Fig.  9.  With  humidified  hydrogen  as 
the  fuel  and  stationary  air  as  the  oxidant,  the  open  circuit  voltages 
(OCV)  are  1 .1 3, 1 .09  and  1 .07  V,  and  the  maximum  power  densities 
are  65, 127  and  283  mWcnrr2  at  500,  550  and  600  °C,  respectively. 
The  maximum  power  density  of  the  cell  with  an  SSC-impregnated 
cathode  is  239  mW  cm-2  at  600  °C,  about  16%  lower  than  the  value 
from  an  Ag-impregnated  cathode.  The  high  power  density  suggests 
that  the  Ag-impregnated  cathode  is  a  promising  cathode  for  SOFC 
operating  at  low  temperature  and  that  higher  power  density  can  be 
achieved  with  Ag-impregnated  cathodes  with  intensive  reduction 
in  electrolyte  thickness. 

The  stability  of  impregnated  cathodes  was  also  studied,  as 
shown  in  Fig.  10.  Fig.  10(a)  presents  the  long-term  stability  of 
a  0.46  mg  cm-2  Ag  (57  vol.%)  impregnated  cathode  fired  at  tem¬ 
peratures  between  400  and  600  °C  and  measured  at  500 °C.  The 


Fig.  9.  I-V  (solid)  and  I-P  (hollow)  curves  for  single  cells  with  0.46  mg  cm-2  Ag- 
impregnated  cathode  and  0.29  mg  cm-2  SSC-impregnated  cathodes  tested  at  various 
temperatures.  The  volume  ratios  of  impregnated  Ag  and  SSC  are  both  about  57  vol.%. 


polarization  resistances  increase  with  firing  temperature,  and  no 
obvious  decay  was  observed  within  the  tested  time.  The  polariza¬ 
tion  resistances  measured  at  600  °C  increased  largely  with  testing 
time,  as  shown  in  Fig.  10(b).  The  interfacial  polarization  resis¬ 
tances  of  the  impregnated  cathodes  fired  at  400  °C  increase  from 
0.13  Q  cm2  to  3.01  Q,  cm2  after  a  6-h  test,  an  increase  of  about  23- 
fold.  The  interfacial  polarization  resistances  of  cathodes  fired  at 
600  °C  also  increased  from  64.79  to  84.85  £2  cm2,  a  change  of  about 
30%. 

Fig.  11  shows  the  microstructure  of  a  0.46  mg  cm-2  Ag- 
impregnated  cathode  fired  at  400  °C  and  tested  at  600  °C  for  12  h. 


Fig.  11.  SEM  picture  of  a  fractured  cross-section  of  a  0.46  mg  cm-2  Ag-impregnated 
cathode  fired  at  400  °C  after  testing  at  600  °C  for  12  h. 
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Fig.  12.  Impedance  spectrum  of  the  0.46  mg  cm-2  Ag-impregnated  cathode  after 
testing  at  600  °C  for  12  h. 


Fig.  13.  Long-term  stability  of  symmetric  cells  with  Ag-Co203  co-impregnated 
cathodes  fired  at  various  temperatures  and  tested  at  600  °C.  The  mole  ratio  of  Ag+  is 
90%,  and  the  Ag-Co203  loading  is  about  0.46  mg  cm-2. 

After  long-term  testing,  Ag  particles  aggregate  due  to  their  low 
melting  point  and  form  a  dense  amorphous  cover  on  the  BCS  back¬ 
bone,  which  results  in  low  porosity  and  thus  less  TPBs.  Fig.  12 
shows  the  impedance  spectra  of  the  0.46  mg  cm-2  Ag-impregnated 
cathode  fired  at  400  °C  and  tested  for  12  h  at  600  °C.  As  shown 
in  Fig.  12,  R H  maintains  about  0.06  £2  cm2  after  long-term  testing, 
while  Ri  increases  from  0.07  to  2.96  £2  cm2.  This  result  suggests 
that  the  transfer  of  dissociated  O-  to  TPBs  becomes  more  severe 
due  to  the  loss  of  porosity  and  TPBs  length.  The  long-term  test 
of  Ag-impregnated  cathode  also  suggests  that  the  Ag-impregnated 
cathode  is  a  promising  cathode  for  fuel  cells  operating  at  tempera¬ 
tures  lower  than  600  °C. 

Co-impregnation  of  Ag  particles  with  some  high-melting  oxide 
particles,  such  as  Co203,  might  be  a  good  means  of  suppressing 
the  aggregation  of  Ag  particles  at  600  °C.  As  shown  in  Fig.  13, 
between  the  firing  temperature  of  400  °C  and  the  testing  temper¬ 
ature  of  600  °C,  the  Ag-Co203  loading  was  about  0.46  mg  cm-2, 
and  the  interfacial  polarization  resistances  increase  from  0.39  to 
0.42  £2  cm2  after  a  6-h  test,  which  is  only  8%  increased,  making  it 
much  more  stable  than  those  with  single  Ag-impregnated  cathodes. 
Better  performance  of  co-impregnated  cathodes  would  be  achieved 
by  optimizing  their  composition  and  microstructure  as  well  as  by 


adding  other  high-melting  oxides,  which  calls  for  intensive  future 
study. 

4.  Conclusions 

An  Ag-BCS  composite  cathode  was  fabricated  by  an  ion  impreg¬ 
nation  technique.  The  Ag  loading  was  hardly  affected  by  Ag  firing 
temperature,  but  the  polarization  resistances  largely  increased 
with  Ag  firing  temperature.  The  minimum  polarization  resistance 
of  symmetric  cells  was  achieved  with  an  Ag  loading  of  0.40  mg  cm-2 
and  firing  at  400  °C,  with  0.1 1  £2  cm2  at  600  °C.  With  the  same  vol¬ 
ume  ratio  of  57%,  the  simulated  high  and  low  frequency  resistances 
are  0.08  and  0.16  £2  cm2  for  SSC-impregnated  cathodes  as  well  as 
0.06  and  0.07  £2  cm2  for  Ag-impregnated  cathodes,  suggesting  that 
the  reduction  of  low  frequency  resistances  is  the  main  reason  for 
the  decrease  of  polarization  resistance  in  Ag-impregnated  cath¬ 
odes. 

The  0.46  mg  cm-2  Ag-impregnated  cathode  fired  at  400  °C 
displayed  maximum  power  densities  of  single  cells  up  to 
283mWcnrr2  at  600  °C.  The  long-term  tests  of  Ag-impregnated 
cathodes  also  suggest  that  such  cathodes  are  promising  for  fuel 
cells  operating  at  temperatures  below  600  °C. 
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